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ReproductionLake trout (Salvelinus namaycush) have a broad distribution across Canada's North, yetmost studies that describe
reproductive habitat are from the southern extent of their range. We assessed whether lake trout spawning
habitat, typically characterized as wave-swept shoals with clean cobble that face predominant wind directions,
is similar for a northern lake. Speciﬁcally, we examined a dozen sites around Alexie Lake, Northwest Territories,
to test if physical habitat and wind exposure were important determinants of spawning site use and embryonic
survival. Spawning occurred in ~2 m water depth, on 3–15 cm diameter clean substrate found on the leading
edge of shoals that ended in a rock crib rising abruptly in nearshore regions around the lake. Wind direction
was predominantly from the west, although it was highly variable within and among spawning seasons. We
found evidence of lake trout spawning at each site examined, but not limited to shoals facing a predominate
wind direction. High variation in embryonic survival (2–83%) from incubation trays was observed among
spawning sites, suggesting a large gradient in habitat quality exists within a given lake. Modelled wind exposure
did not predict embryonic survival, nor did physical characteristics that may inﬂuence interstitial water ﬂow on
spawning shoals. Our ﬁndings challenge the conventional role of wind as a predominant predictor of lake trout
spawning site quality. We propose that the unpredictable nature of wind and abundance of suitable habitat
may favour lake-wide spawning by lake trout as a bet-hedging strategy in northern lakes with limited fetch.
© 2015 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.Introduction
The distribution of native lake trout (Salvelinus namaycush) popula-
tions is conﬁned to the northern portions of North America (Martin
and Olver, 1980). This species is well adapted to the demanding and
dynamic conditions of the Arctic and Boreal regions of Canada, and is
found across the Precambrian Shield (Gunn et al., 2004). Throughout
its range, lake trout are of commercial, recreational and aboriginal im-
portance. There are an estimated 87,125 lake trout lakes in Canada,
28% of which occur in the Northwest Territories (NWT) and Yukon
(Sharma et al., 2009). Despite an extensive northern distribution
(Sawatzky et al., 2007),most studies on lake trout are from the southern
extent of their range, and almost absent from northern boreal lakes.
Importantly, critical habitat parameters for the maintenance of lake
trout populations, such as spawning habitat quality and its relationship
to embryonic survival, are still largely unknown for northern regions
(Muir et al., 2012). Our limited understanding of lake trout ecology in
the core of the species' range represents a concerning knowledge gap,
especially as climate is predicted to rapidly change at high latitudes
(Quesada et al., 2006), and industrial activity in Canada's North ishan).
es Research. Published by Elsevier Bexpected to increase in the near future (Rhéaume and Caron-Vuotari,
2013), potentially impacting ﬁsh and ﬁsh habitat (Cott et al., 2015).
Lake trout are a long-lived species that exhibit iteroparous spawning.
In autumn, lake trout migrate onto shoals in nearshore areas of lakes
(Gunn, 1995); the timing generally coincides with surface water tem-
peratures declining to 12 °C or lower (Redick, 1967). Eggs are spawned
directly onto substrate, and, unlike all other salmonine species, no pa-
rental care is provided (i.e., no redd is constructed by the female). Eggs
fall into the interstices of the cobble substrate and remain there for
several months before emerging (Royce, 1951). Therefore, an essential
behavioural trait of lake trout is the ability to select high quality
spawning habitat to ensure embryonic survival (Gunn, 1995; Muir
et al., 2012). Spawning site selection may even be more critical in high
latitude lakes, where lake trout are known to skip spawning in some
years to conserve energy (Miller and Kennedy, 1948).
A general feature of lake trout spawning habitat is well-sorted
cobble substrate with interstitial areas large enough for lake trout egg
incubation. This habitat is predominately foundnear exposed shorelines
off of points, islands or onmid-lake shoals (Martin andOlver, 1980), and
some glacial bedforms such as drumlins (Riley et al., 2014). Most
spawning shoals are less than 6 m deep (Martin and Olver, 1980) and
situated close to deep water (Royce, 1951), but can range from very
shallow in small lakes (0.15 m in Squam Lake, New Hampshire;.V. All rights reserved.
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et al., 2006), with evidence of potential spawning at N91 m depth in
Lake Superior (Eschmeyer, 1964). Lake trout spawning areas are usually
composed of clean pebble and cobble, broken rubble, or angular rock
(mainly 3–15 cm in diameter) along with dispersed boulders (Martin
and Olver, 1980). Substrate size appears to be a critical feature of
lake trout spawning shoals (Sly, 1988). For example, experimental
covering of traditional spawning shoals in a small boreal lake resulted
in lake trout spawning on alternate sites with similar substrate size
(McAughey and Gunn, 1995). Presumably, substrate size is important
to developing embryos for both oxygen-exchange and exclusion of
egg predators (Gunn, 1995).
In addition to physical habitat features, wind events appear to play
an important role in lake trout reproduction (Muir et al., 2012). There
is substantive evidence linking lake trout migration onto spawning
shoals with strong autumn winds (Royce, 1951; Martin, 1957;
Deroche, 1969; Esteve et al., 2008; Muir et al., 2012). Further, lake
trout spawning shoals typically face prevailing winds, suggesting that
wind plays a deﬁnitive role in habitat quality. Currents induced by
wind can be beneﬁcial to egg incubation by removing ﬁne sediments
from the interstitial areas where eggs are deposited while circulating
oxygenated water (Sly, 1988; Gunn, 1995). However, there is also
evidence that high wave exposure and large wind fetch, such as on
lake trout spawning shoals in the Laurentian Great Lakes, can result in
lower embryonic survival (Eshenroder et al., 1995; Fitzsimons, 1995;
Manny et al., 1995; Perkins and Krueger, 1995). Thus, the extent to
which wind inﬂuences lake trout embryonic survival is not fully under-
stood. Due to the dynamic nature of wind, wind-inﬂuenced habitat
quality varies spatially and temporally throughout the course of a
spawning season, as well as among years.
Becausemuch of whatwe know about lake trout spawning has been
derived from southern regions, an initial goal of this study is to charac-
terize lake trout spawning habitat in a typical northern boreal lake. We
focus on two key features of lake trout spawning shoals – substrate size
andwind exposure – to address the hypothesis that lake trout spawning
habitat in a northern lake is similar to that reported for the southern
periphery of their range. Speciﬁcally, we investigate whether northern
lake trout spawn on areas of high wind exposure with clean substrate.Fig. 1. The locations of 12 spawning sites (S1–S12) sampled in Alexie Lake, NWT. The bathyme
string (circle containing an x) and weather station (triangle) are indicated.A second aim of this study is to quantify abiotic correlates of lake trout
embryonic survival within a northern lake. We predicted that lake
trout embryonic survival would be positively related to wind exposure.
Therefore, we developed awind exposuremodel to examine embryonic
survival in incubators placed on various spawning shoals that experi-
ence a gradient in wind and wave exposure. Gaining information on
spawning habitats of northern lake trout will be useful for researchers
and resource managers dealing with the cumulative effects of multiple
stressors on northern aquatic systems ranging from increased industrial
development to an unpredictably changing climate.
Methods
Study Site
Our study was conducted in, Alexie Lake (62° 40′ N, 114° 05′ W),
located in south-central NWT, Canada, approximately 30 km northwest
of Yellowknife, at the Chitty Lakes Research Reserve (Fig. 1). Alexie Lake
is a medium-sized oligotrophic lake covering an area of 402 ha (Guzzo
et al. 2016, in this issue), possessing 35 islands and a shoreline length
of 28 km. Maximum depth in Alexie lake is 32 m with a mean depth
of 11.7 m. Stratiﬁcation occurs during the summer until September
when the lake becomes isothermal (Healey andWoodall, 1973). Alexie
Lake is in the core of this species range and the size, physical, and limno-
logical characteristics make it a “typical” lake trout lake (Gunn et al.,
2004). In addition to lake trout, Alexie Lake contains two other piscivo-
rous species, burbot (Lota lota) and northern pike (Esox lucius), as well
as numerous prey ﬁsh species (see Cott et al., 2011), including sculpins,
Cottus sp. and lake whiteﬁsh (Coregonus clupeaformis), all known lake
trout egg predators. Alexie Lake is a designated research lake that is
closed to ﬁshing.
Spawning habitat
We attempted to determine where lake trout spawning occurred in
Alexie Lake based on direct observation (P. Cott and Matthew Guzzo,
University of Manitoba, personal communication), and telemetry data
collected during the 2012 spawning season (Guzzo et al. 2015, in thistric contours (grey lines) are at 10 m increments. The locations of the temperature logger
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much of the shoreline of Alexie Lake, and selected 11 sites (S1–S11) we
believed to be possible lake trout spawning shoals based on the general
physical habitat characteristic of clean pebble and cobble substrate, and
the information from previous seasons. The selected sites were distrib-
uted around Alexie Lake (Fig. 1), and therefore were predicted to re-
ceive a gradient of wind exposure during the 2013 spawning season.
An additional site was designated for reference (S12; Fig. 1). This reference
site, sheltered frommost wind directions, had otherwise similar substrate,
depth and slopeas the otherwind-exposed sites, however lake trout telem-
etry data showed limited activity in the immediate area. In Alexie Lake, lake
trout spawning is known to start in early September and last severalweeks
(P. Cott, unpublisheddata).We conducted snorkel surveys at each of the 12
sites every other day for themonth of September 2013 to conﬁrmwhether
spawning occurred at these locations.
Data on physical habitat characteristics including; shoal depth,
slope, interstitial depth, and substrate length, width and shape, were
collected from three locations on each spawning shoal site. These shoals
were selected after spawning was conﬁrmed during snorkel surveys in
the fall of 2013. These physical measurements of the spawning shoals
were conducted the following spring (June 2014), so as to not disturb
lake trout spawning. A sampling hoop (70 cm diam.) was placed on
the spawning shoal by snorkelers and the shoal depth was measured
from the water surface to the substrate at the centre of the sampling
hoop. Slope (%) was calculated as:
Slope ¼ rise
run
 100% ð1Þ
where rise is the difference between measured drop off depth, or the
edge of where the depositional zone (silt and sand) meets the erosive
zone (boulders, rocks, cobble, and pebble) and measured shoal depth,
and run is the measured distance from the centre of the sampling
hoop to the end of the drop off. Substrate within the sampling hoop
was evenly collected from the surface of the shoal and placed into a
bucket. A random sample of substrate (n = 20 pieces) was measured
for length and width, deﬁned as the longest axis and second longest
axis, respectively. An index for two-dimensional morphologic shape
(elongation) was used to calculate substrate shape by dividing width
by length (Blott and Pye, 2008). Elongation values closer to 0 indicate
greater elongation, while values closer to 1 indicate greater roundness.
Interstitial depth was measured by ﬁrst excavating a pit within the
sampling hoop and inserting a rigid ruler vertically to a maximum
depth of 25 cm or until sand, silt or bedrock was reached. Interstitial
depths that exceeded 25 cm were assigned a value of N25 cm.
Wind data collection and wind exposure modelling
We installed a meteorological station (HOBO® micro station data
logger: model H21-002, Onset® Computer Corporation, Cape Cod,
MA) with an attached anemometer (R.M. Young wind monitor: model
05103, R.M. Young Company, Traverse City, MI) to record wind direc-
tion (±3°) and speed (±0.3 m s−1) at 5 m elevation above lake level
on an island in the southeast region of Alexie Lake (Fig. 1). Mean half-
hourly wind velocity and wind direction data were collected for a
period of 2 years (September 19, 2012 to September 29, 2014), which
encompassed three consecutive lake trout spawning seasons (roughly
deﬁned as themonth of September). Meanwind directionwas calculat-
ed using the following equations (Hafner and Hites, 2005):
X ¼ 1
n
 Xn
i¼1
cosθi ð2Þ
Y ¼ 1
n
 Xn
i¼1
sinθi ð3Þθ ¼ 180
π
arctan
Y
X
 
ð4Þwhere θi is the half-hourly wind direction angle (in radians), n is the
number of observations, and θ is the average angle (in degrees). Wind
direction (θ) ranged from −180° to 180°, where 0° corresponds to
north and ±180° corresponds to south. Wind direction was converted
to the commonly used compass direction by adding 360° to all negative
θ values. To assess the variability of the average wind direction, angular
deviation, s, was calculated using (Hafner and Hites, 2005):
d ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2 þ Y2
q
ð5Þ
s ¼ 180
π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−2lnd
p
ð6Þ
To determine annual variability in persistence of wind speeds, we
developed cumulative wind speed duration curves for each of the
three spawning seasons, 2012, 2013, and 2014. For modelling purposes
a spawning season was deﬁned as the month of September. The wind
speed duration curve represents the percentage of time that each
wind measurement equals or exceeds a particular value (Koçak,
2008). Speciﬁcally, we were interested in comparing annual differences
in the presence ofwind speeds thatwere ≥3.3m s−1 (11.9 kmh−1); the
speed we estimated to promote currents at lake trout spawning shoals
(see below).
A wind-based linear fetch model was developed to estimate wind
speeds that would produce waves capable of inducing sediment resus-
pension through near-bottom currents at Alexie Lake spawning shoal
depths (~2 m). Near-bottom current velocities umax ≥ 0.1 m s−1 are
known to cause sediment resuspension in nearshore zones (Seibt
et al., 2013). Near-bottom current velocity was calculated by determin-
ing maximum orbital velocity (umax):
umax ¼
ωHsig
2sinh
πd
L
  ð7Þ
where ω is angular velocity, Hsig is signiﬁcant wave height, d is water
depth, and L is wavelength (see Hallermeier, 1981). A series of incre-
mental wind speeds (+0.1m s−1) was added to themodel until a max-
imum umax value of at least 0.1 m s−1 was achieved in the nearshore
regions for all 8 primary fetch directions (north, northeast, east, south-
east, south, southwest, west, and northwest). It was determined
that wind speeds of 3.3 m s−1 or greater were required to induce a
umax ≥ 0.1 m s−1 in the nearshore regions of Alexie Lake.
Usingdetailed bathymetric data, includingdepth, slope, fetch length,
and local wind data, we produced another wind-based linear fetch
model to predict the location of erosive zones, where ﬁne-grain sedi-
ment do not accumulate due towind exposure. Erosive zones are deter-
mined by calculating the mud deposition boundary depth (mud DBD):
log DBD ¼−0:107þ 0:743 log F þ 0:0653S ð8Þ
where F is fetch (km), and S is slope (%) (Rowan et al., 1992). Locations
where actual depth equaled the predicted mud DBD are deﬁned as the
boundary of the erosive zone. Areas within 1 m depth of the estimated
mudDBD are considered the transition zone between erosive and depo-
sitional zones of the lake (sensu Flavelle et al., 2002). The erosive tran-
sition zone is assigned a value (between 0 and 1) based on proportion
of wind exposure produced by wind speeds ≥ 3.3 m s−1 throughout
the lake trout spawning season. We used the output of this model to
quantify wind exposure across the 12 study sites in Alexie Lake, and to
compare to embryonic survival (see below).
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We conducted an experiment to determine how wind exposure
(based on the results of the wind exposure model) inﬂuences lake
trout embryonic survival. Three ripe females were captured by angling
on September 25, 2013. Eggs collected from each female were kept
separate and fertilized using the combined milt from two males that
were previously captured and held in a pen. To ensure viable eggs
were used in the incubation experiment, eggs were allowed to water
harden overnight and fertilization was veriﬁed prior to loading into
Jordan/Scotty® incubators. Each incubator received 50 fertilized eggs
from each female (150 total), which were kept separate within a single
incubator. Incubators were deployed at each of the 12 sites on Septem-
ber 26, 2013, and retrieved through the ice January 8–10, 2014, prior to
the expected hatching date, allowing for 102–104 days of in situ incuba-
tion. Small holes (5 mm diam.) at the bottom and top of each incubator
cell allowed for water circulation through the incubator (similar to
interstitial areas in cobble substrate), but protected eggs within from
most egg predators. Once retrieved, incubators were placed in a cooler
of lake water and brought back to the Chitty Lake Research Station for
visual examination. Each incubator cell was classiﬁed as alive, dead, or
empty. Proportion survived was calculated for each female as number
of live eggs divided by total cells (50). Eggs were preserved in a 10%
formalin solution. Empty cells were assumed to be dead eggs. This
assumption was tested by modelling egg development based on Allen
et al. (2005) zero hatch model:
D ¼ a T
b−T
 c
ð9Þ
where D represents developmental rate of lake trout eggs, T is tem-
perature in degrees Celsius, and a, b, and c are constants. Expected
hatching date and 95% conﬁdence interval (95% CI) were predicted
by bootstrapping the distribution of parameter estimates published
by Allen et al. (2005) and temperature at 2 m depth during incubation
10,000 times. The zero hatch model was developed with lake trout em-
bryos from the Marquette brood stock (Allen et al., 2005), which may
develop at a different rate than those from Alexie Lake. Horns (1985)
has shown that different lake trout stocks may hatch as much as
18 days apart under the same incubation conditions. We felt that
including 95% conﬁdence intervals for predicted hatch day estimates
will help encompass possible lake trout development variation in
Alexie Lake. Water temperature in Alexie Lake was recorded on
HOBO® Pendant™ temperature loggers (Onset® Computer Corpora-
tion, Borne, MA) at 1 m intervals through the water column in the
deepest basin. Although lake trout embryos were placed in incubators
and not in direct contactwith the shoal, characteristics such as substrate
length and shape, as well as slope and depth, likely inﬂuence site-
speciﬁc interstitial ﬂow, and therefore we assumed these features
could inﬂuence embryonic survival in the incubation trays.
Statistical analysis
Differences in shoal slopes among spawning sites were tested using
an ANOVA. Substrate length was cube root transformed to meet nor-
mality assumptions, although variances remained heterogeneous; dif-
ferences among sites were tested using a Welch's ANOVA for unequal
variances. An ANOVA was used to test for differences in wind exposure
across sites and among years. Substrate shape as well as wind speed
data did not meet parametric assumptions, and differences among
siteswere tested using a Kruskal–Wallis rank sum test. Thedistributions
of wind directions among years were compared using a non-parametric
Mardia–Watson–Wheeler test for circular data. Female effect on embry-
onic survival, and differences in embryonic survival among sites, were
tested using a non-parametric Kruskal–Wallis test.We tested predictors
of lake trout habitat quality and its effect on embryonic survival using ageneralized linear model (GLM) with quasibinomial error structure
after determining our data was underdispersed; ϕ= 0.49 (Zuur et al.,
2009). Predictors were selected based on common measurements of
spawning habitat quality (Marsden et al., 1995).We sequentially culled
parameters from the global model: Embryonic survival = Wind
Exposure + Shoal Depth + Slope + Substrate Length + Substrate
Shape, to obtain all possible combinations of predictor parameters. We
then determined the best model, using weight ratios derived from
quasi-likelihood Akaike Information Criterion (QAICc) adjusted for
underdispersion.
Results
Spawning habitat
We observed male and female lake trout at each of the 11 locations
that we had selected as potential spawning sites during snorkel surveys
throughout the month of September in 2013. In addition, we either ob-
served lake trout spawning behaviour or the presence of lake trout eggs
at all 11 sites. We also found evidence of spawning (lake trout eggs
present) at S12, which was originally designated as a non-spawning
shoal reference site, and therefore this sitewas included as an additional
spawning site (Fig. 1).
All lake trout spawning sites found in Alexie Lake were easily identiﬁ-
able with a clean cobble strip at the offshore edge of the shoal, where a
boulder wall (rock crib) appeared to act as a barrier, holding back the peb-
ble and cobble as well as sand and silt backﬁll (Fig. 2). The rock crib rose
abruptly from the lake bottom at depths of 128–438 cm (mean ± SD:
292.7±81 cm) in the nearshore regions of Alexie Lake, forming anobvious
vertical wall (Fig. 2). Spawning shoal water depth ranged between 89 cm
and 178 cm (134.4±20.7 cm). The slope of the rock crib did not differ sig-
niﬁcantly among sites (ANOVA: F11,24 = 1.73, p=0.13), and ranged from
12% to 63% with a mean slope of 42 ± 13%.
Lake trout spawning substrate was predominately comprised of
rounded granite pebble and cobble of variable length that ranged in
size from 1.3 cm to 21.7 cm (8.9 ± 3.8 cm, Fig. 3a). Most spawning
substrate (92%) was between 3–15 cm; a size range that is considered
typical for the species (Martin and Olver, 1980). Despite a typical
lake-wide size distribution of spawning substrate, we observed signiﬁ-
cant variation in substrate characteristics among the 12 study sites
(Fig. 3b). For example, individual spawning sites ranged from those
predominantly comprised of large cobble (68% of which was N the
mean 8.9 cm), to sites that included mainly small cobble and pebble
(78% ≤8.9 cm). Small cobble and pebble (≤8.9 cm) was the most com-
monly occurring substrate on the spawning shoals and comprised
N50% of the substrate distribution for two-thirds (n = 8) of lake trout
spawning shoals studied in Alexie Lake. Mean substrate length was
signiﬁcantly different among sites (Welch's ANOVA: F11,278.58 = 9.42,
p b 0.001).Mean shape of the cobble varied among sites, butwas gener-
ally found to be more rounded than elongate (i.e., closer to 1; overall
mean shape: 0.70 ± 0.17). Signiﬁcant differences in mean shape were
found among sites (Kruskal–Wallis: H=26.83, N=12, p=0.005). In-
terstitial depths were usually N25 cm (61% of sampled sites; n = 36),
with at least one sample location N25 cm in depth at each of the 12
sites. A minimum interstitial depth of 12 cm was observed at one site.
All interstitial areas were absent of ﬁne sediment (silt or sand) or algae.
Wind
Wind direction and intensity during the period of lake trout
spawning at Alexie Lake varied within and among years (Fig. 4). Mean
wind direction in 2012 was from the west at a compass bearing of
277 ± 74° (mean ± angular deviation), while in 2013 and 2014, mean
wind direction was from the southwest (238 ± 80° and 231 ± 98°, re-
spectively). The distribution of wind directions differed signiﬁcantly be-
tween each spawning season (Mardia–Watson–Wheeler : 2012 and
Fig. 2. Proﬁle of a typical Alexie Lake, NWT, spawning shoal (left). Three zones are depicted from offshore to nearshore: the silt zone located offshore before the drop-off; the rock crib
located at the drop off where spawning occurs; and the sand and silt zone towards the shoreline. A photograph depicts a sampling hoop and ruler during habitat sampling on a typical
spawning shoal in Alexie Lake.
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2013 and 2014,W=29.13, p b 0.001). Wind direction frequency varied
little between 2012 and 2013 spawning seasons; 45% and 36% of wind
originated from the west in these years, respectively. Wind direction
was more variable during the 2014 spawning season, in which 23%
was from the west, 19% from the southwest, 17% from the east, and
15% from the southeast (Fig. 4). Although wind predominately came
from the west, the strongest winds came largely from the east and
southeast. All (100%) strong winds (N8 m s−1) in 2012, and most
(91%) in 2013 were from the east, with a maximum sustained gust
speed of 14.0 m s−1 and 16.2 m s−1, respectively. In 2014 the wind
was more variable, but wind speeds N8 m s−1 were predominatelyFig. 3. a) Kernel density estimate of substrate size for selected lake trout spawning sites in
Alexie Lake, NWT (see Fig. 1), and (b) cumulative proportion distributions of substrate size
for each spawning site. Dashed lines represent the minimum (3 cm) and maximum
(15 cm) spawning substrate size used by lake trout (Martin and Olver, 1980). The solid
line represents the mean (8.9 cm) substrate size in Alexie Lake.from the east (44%) and southeast (45%), with maximum sustained
wind gusts of 15.2 m s−1 for both directions.
Meanwind speed during 2012 (2.90±2.06m s−1)was signiﬁcantly
lower than 2013 and 2014 (3.26 ± 2.05 m s−1, 3.33 ± 2.36 m s−1,
respectively; H=14.09, N=3, p b 0.001). Despite the observed differ-
ences in wind direction and speed among spawning seasons at Alexie
Lake, we measured similar levels of high wind intensity, believed to be
important for lake trout reproduction, across all years. Speciﬁcally,
winds ≥ 3.3 m s−1, which are predicted to induce near-bottom water
currents at spawning shoal depths of ~2 m, comprised 43%, 42%, and
36% of all winds during the month of September in 2012, 2013, and
2014, respectively.
Wind exposure model
Modelled wind exposure (the proportion of wind speeds
≥ 3.3 m s−1), varied signiﬁcantly among lake trout spawning sites in
Alexie Lake (F11,22 = 10.18, p b 0.001), as well as among years
(F2,22 = 13.03, p b 0.001). Mean wind exposure for sites located on
the west side of Alexie Lake (S11 and S12, Fig. 5) was signiﬁcantly
lower than all other spawning sites in each of the three years. Further,
proportion of wind exposure at these western spawning sites was
always b0.4; while sites S1–S10 always had wind exposure N 0.4. Site
S9 consistently experienced the highest proportion of wind exposure
each year, always exceeding 0.7. Wind exposure in 2012 was signiﬁ-
cantly higher among sites than in 2013 and 2014; no difference was
found between 2013 and 2014. In 2012, six sites had wind exposure
proportions N 0.7, while in subsequent years (2013 and 2014) only
one site had a proportion of wind exposure N 0.7.
Embryonic survival
We estimated that mean hatch date of lake trout embryos from the
deployment date of egg incubators in Alexie Lake was 130 d (95% CI;
99 d, 168 d), equivalent to February 3, 2014 (95% CI; January 3, 2014,
March 13, 2014). Although our collection dates (January 8–10, 2014)
fell within the upper 95% CI, we found no signs of hatching or failed es-
capes from examination of embryos, and assume empty cells, as a result
of hatching, to be highly unlikely.
Embryonic survival did not vary among females (H = 3.25, N= 3,
p = 0.16), but did vary among sites (H = 26.763, N = 12, p = 0.005;
Fig. 6). Mean embryonic survival among sites in Alexie Lake was 47%,
but ranged from 2% to 83%. Survival exceeded 80% at three sites
(Fig. 6). Themean proportion of wind exposure for all sites during incu-
bation, deﬁned as the period from the day after deployment until sur-
face ice formation (September 27–November 9, 2013), was 0.55 and
ranged from 0.29 to 0.84. Only two sites had wind exposure N 0.7, of
which S2 had amean embryonic survival of 2%, and S9 hadmuch higher
Fig. 4. Relative frequency of wind direction and related wind speed prevailing during three consecutive lake trout spawning seasons (September 19 to October 1, 2012; September 1 to
October 1, 2013; September 1 to 29, 2014) at Alexie Lake, NWT, are expressed as wind roses. Radii represent 10-degree bins.
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no effect on embryonic survival (Table 1). Furthermore, none of the
physical habitat features of spawning sites including depth, slope,
substrate length, substrate shape were found to be signiﬁcant factors
inﬂuencing embryonic survival (Table 1). This result was further
supported by QAICc model selection, which indicated that the null
model best described embryonic survival. Ice depth for each site at the
time of incubator collection ranged from 49 cm to 75 cm, with a mean
of 60.1 ± 6.8 cm.
Discussion
Lake trout spawning habitat has long been characterized as wave-
swept cobble shoals that face predominant autumn wind directions;
we found only partial support for this characterization in a northern
lake. We observed high variability in wind direction and intensityFig. 5.Modelled estimates of wind exposure at 12 lake trout spawning sites in Alexie Lake
currents (i.e., ≥3.3 m s−1) at each site during three consecutive spawning seasons (2012within and among spawning seasons in Alexie Lake.Windwas predom-
inately from the west during the three spawning seasons, but high in-
tensity winds (N8 m s−1) largely came from the east and southeast.
Despite the variability inwind direction, the proportions of wind speeds
predicted to induce near-bottom currents (≥3.3 m s−1) were similar
among years (36%–43%). Wind exposure was least variable in 2012,
and appeared to be a result of the dominant west wind in this year.
Overall greater wind exposure during 2012 is attributed to the orienta-
tion of most sites to receive westerly winds. In years with greater vari-
ability in wind direction (2013 and 2014), wind exposure over all sites
was reduced. High variability in wind direction within and across
spawning seasons suggests that predominant wind is not a predictable
feature of lake trout spawning habitat selection in this northern lake.
Further, changing climate may lead to greater variability in wind direc-
tion and speed. Notably, northwestern Canada (Yukon and Northwest
Territories) has experienced declining wind speeds over the last half, NWT (see Fig. 1). Bars represent the proportion of wind speeds that result in water
black; 2013 dark grey; 2014 light grey).
Fig. 6. The relationship between wind exposure (wind speeds ≥ 3.3 m s−1) during the
open water period (September 27–November 10, 2013) and embryonic survival for lake
trout eggs held in incubation trays until January 8–10, 2014 in Alexie Lake, NWT. Embry-
onic survival is themean proportion (±SEM) of eggs from three females at each spawning
site (see Fig. 1) determined to be alive in relation to proportion of wind exposure.
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may result in weaker and less reliable autumn winds in the future.
Suitable lake trout spawning substrate in Alexie Lake was wide-
spread (virtually around the entire lake), while wind direction was
found to be unpredictable within and among spawning seasons. Based
on data from the local meteorological station at Alexie Lake showing
predominant wind direction originating from the west in 2012, we
predicted that the primary location of spawning shoals would be
along eastern shorelines (including islands). This was not the case, as
we found lake trout spawning to be widespread, occurring at all sites
(Fig. 1). In fact, despite limited exposure towinds that were of sufﬁcient
strength to result in interstitial water movement (based on modelling),
lake trout were observed to spawn on westerly sites, including wind-
sheltered locations. Variation of wind direction in conjunction with
abundance of suitable spawning substrate likely contributed to the
widespread distribution of spawning shoals in Alexie Lake and may be
a common feature for northern lakes with limited fetch.
Spawning habitat in Alexie Lake was easily identiﬁable, with a
characteristic clean substrate strip along the leading edge of a boulder
drop-off slope (rock crib) that formed an abrupt step from the lake
bed to the top of the shoal (Fig. 2). Lake trout spawning sites in this
northern lake were of similar depths (b2 m) to those found in small
southern lakes (Gunn, 1995). The depth at which spawning occurs isTable 1
Parameter estimates of quasibinomial generalized linear model on the global model for
predicting embryonic survival. The explanatory variables includedwind exposure (wind),
spawning shoal slope (slope), depth of embryo incubator (depth), mean length of sub-
strate (length), andmean shape of substrate (shape). Residual deviance: 2.81 on 6 degrees
of freedom. QAICc ranked the null model (intercept only) as the top model describing
embryonic survival.
Estimate Std. error t value p
Intercept −0.55 8.57 −0.06 0.95
Wind 1.48 3.94 0.37 0.72
Slope −0.05 0.05 −0.98 0.37
Depth −0.02 0.03 −0.46 0.66
Length 0.04 0.25 0.16 0.88
Shape 4.73 10.18 0.46 0.66presumably of great importance. First, spawning shoalsmust be shallow
enough for wind-generated currents to reach the substrate and pene-
trate the interstices to keep these areas free of silt. Second, the shoals
must be deep enough to avoid freezing and ice scour during incubation
(Claramunt et al., 2005). Likewise, slope also appears to be an important
feature of lake trout spawning habitat by aiding in the formation of
interstitial water currents. In Alexie Lake, shoals generally appear as a
distinct step rising 1 to 3 m from the gradual lake bed at the base of
the rock crib to the top of the spawning shoal with a slope of 42% or
23°. Riley et al. (2014) describes a similar habitat in the Laurentian
Great Lakes, where drumlins rise from the lake bed and intercept cur-
rents. The interaction of glacial bedforms with currents is hypothesized
to generate interstitial ﬂow via the Bernoulli Effect, whereby an abrupt
change in depth accelerates current ﬂow and lowers pressure down-
stream, which forces water through interstitial areas of spawning
substrate and prevents settling of small particles. This interstitial ﬂow
likely also occurs in Alexie Lake where very clean substrate was found
at the leading edge of an abrupt step. Habitat features that allow inter-
stitial water movement appear to be a critical factor for lake trout
embryo incubation, and one that can take a variety of forms: ‘classic’
wave-swept shoals (Royce, 1951; Martin, 1957); drumlins in Lake
Huron (Riley et al., 2014); or rock cribs (this study). Similar spawning
habitat to Alexie Lake was also found in an adjacent lake (Chitty Lake),
with lake trout eggs present (D. Callaghan, personal observation). The
spawning habitat described in this study – a clean pebble and cobble
strip at the leading edge of a rock crib – may be a widespread habitat
feature for lake trout reproduction in northern lakes.
A common requirement of all salmonines is interstitial ﬂow during
the egg incubation period (Chapman, 1988). In rivers and streams, the
downstream ﬂow of water achieves this, conversely in lakes, water
currents are predominately induced by wind. As wind ﬂows over the
lake surface, a portion of the winds momentum is transferred to the
lake surface generating waves, turbulence, large scale circulations and
oscillatory motion (seiche), as well as secondary currents (Wetzel,
2001). Water movements are then regulated by basin bathymetry,
stratiﬁcation structure and exposure to wind (Wetzel, 2001). During
ice-cover, wind does not act on the water surface and circulation is
largely driven by thermal processes from heat stored in sediment
or solar radiation (Kenney, 1996), aswell as seiching induced by oscilla-
tion of the ﬂoating ice sheet (Malm et al., 1998), although river input/
output may also play a role if the river is large relative to the size of
the lake (Bengtsson, 1996). During lake trout egg incubation, embryos
will be exposed to varying lake current velocities during both open-
water and ice-covered seasons. Currents during open water season are
typically 2% of the wind speed (i.e., 0.2 m s−1 current when wind
speed is 10 m s−1), whereas under the ice, oscillation and thermal
processes result in much lower currents on the order of mm s−1
(Malm et al., 1998). Alexie Lake has minimal inﬂows and outﬂows
(Healey and Woodall, 1973), and current effects are likely localized to
the immediate inlet and outlet areas (Bengtsson, 1996). Therefore,
wind-driven currents, from the period of spawning until the lake is
frozen, will bemost inﬂuential for lake trout embryonic survival, devel-
opmental rate, and hatching date.
Spawning sites containing clean substrates within the 3–15 cm size
range appear to be innately selected by lake trout (Sly, 1988; Marsden
et al., 1995; McAughey and Gunn, 1995), presumably because this size
allows for interstitial spaces in the cobble matrix large enough for lake
trout eggs to fall in between, but small enough to provide protection
from egg predators. In Alexie Lake, the majority of spawning substrate
fell within the norms of what has been found in other lakes (between
3 and 15 cm; Martin and Olver, 1980). Although we did observe signif-
icant variability in substrate size among spawning sites, there appears to
be a minimum size requirement, as only 1% of substrates found on
spawning shoals was b3 cm. Small diameter substrates likely do not
provide adequate interstitial spacing for egg incubation. Interstitial
depths in Alexie Lake varied among as well as within sites, but each
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≥25 cm. Similar interstitial depths (N20 cm) were measured at
spawning sites in the Laurentian Great Lakes (Marsden et al., 2005).
Further, we observed that the upper 25 cm of the substrate matrix
was generally uniform in size, meaning substrate size at the surface
was a good indicator of substrate throughout. Interstitial depths may
be a more important feature of lake trout spawning shoals in northern
lakes, where ice depths can reach N2 m (Duguay et al., 2003). Suitable
lake trout spawning habitat in Alexie Lake was in water b 2 m deep
during this study, therefore, deep interstitial depths would be critical
to allow embryos to incubate below maximum ice depths. The narrow
depth range at which lake trout spawn in Alexie Lake (1–2 m) also
makes these sites particularly susceptible to water level ﬂuctuations
that may arise from water withdrawal demands for industrial develop-
ment (Cott et al., 2008) or hydrological regime shifts due to climate
change (Wantzen et al., 2008) and are known to affect lake trout repro-
duction (Wilton, 1985).
High variation in embryonic survivalwas observed among lake trout
spawning sites, suggesting that a large gradient in habitat quality exists
within a given lake. Based on the general model of salmonid reproduc-
tion, we predicted that lake trout embryonic survival would be a
function of wind exposure. For example, in a closely-related species,
brook trout (Salvelinus fontinalis), where spawning occurs at sites of
groundwater upwelling in lakes, embryonic survival and development
rate are a function of groundwater ﬂow (Blanchﬁeld and Ridgway,
2005). Surprisingly, no relationship between wind exposure and em-
bryonic survival was found in Alexie Lake. In fact, some of the highest
(75%) and lowest (2%) values for lake trout embryonic survival occurred
at different sites that received similar wind exposures. Similarly,
Fitzsimons andMarsden (2014) also found no relation between embry-
onic survival and the loss of artiﬁcial eggs, a surrogate for the effect of
currents, in Lake Champlain. In our experiment, eggs were incubated
on top of the spawning shoals rather than within the interstices, but
physical habitat characteristics may have inﬂuenced the movement of
water to the incubators and were also included as predictors of embry-
onic survival; none of which were found to inﬂuence embryonic
survival.
We chose this speciﬁc linear fetch model to predict wind exposure
because it has been successful in previous lake trout spawning habitat
studies (Flavelle et al., 2002; Bigelow, 2009). Linear fetch models are
also easy to apply and require only a few input parameters (e.g., water
depth, slope, fetch length, and wind speed) and should give reliable es-
timates of wave parameters and wave exposure in the nearshore zones
of lakes. Although easy to use, the linear fetchmodel may have been too
simplistic to predict the full extent of wave driven currents in a complex
system like Alexie Lake, which is relatively small, is surrounded by bore-
al forest, and contains 35 islands thereby limiting fetch. Seibt et al.
(2013) found that linear fetchmodel performs better in simple systems
with no islands, while a non-linear Simulating Waves Nearshore
(SWAN) model would be better suited for more complex lakes. The lo-
cation of the weather station may not have produced real-time data in-
dicative of wind exposure for all spawning shoal sites sampled in Alexie
Lake. This is further supported by the observation of swirling wind pat-
terns during ﬁeld sampling (P. Blanchﬁeld, personal observation). This
unpredictability may be more common in northern latitudes, where
gradual topography and shorter tree heights reduce wind sheltering ef-
fects on lake wind patterns and may result in greater wind affected
areas (Markfort et al., 2010) and increased spatial variability
(Podsetchine and Schernewski, 1999). Future research should employ
direct measurement of current velocities on spawning shoals to avoid
potential pitfalls of inferred current velocities from fetch models. Our
on-site wind measurements should generally predict wind conditions
better than measurements taken off-site, such as from the nearest
urban centre (as done by Fitzsimons and Marsden, 2014; Flavelle
et al., 2002;Martin, 1957). Therefore, we believe themodelledwind ex-
posure to be indicative of general wind conditions at Alexie Lake duringthe spawning season and to be a reasonable estimate for wave induced
currents from which to test whether lake trout embryonic survival is a
function of wind exposure.
Wind may inﬂuence embryonic survival in other ways, such as de-
velopment rate and hatch success. For example, an in situ brook trout
egg incubation experiment found that after a minimum groundwater
discharge requirement was met, survival did not increase; however,
the proportion of eggs hatched increased linearly as groundwater dis-
charge increased (Blanchﬁeld and Ridgway, 2005). Lake trout embryos
in our study showed no signs of development to the stage of emergence
(e.g., failed escape), likely because we planted the incubation trays to-
wards the end of the spawning season (to avoid disturbance of natural
spawning), and for logistical reasons we collected them approximately
one month prior to predicted hatch date. As a result, incubating eggs
were exposed to wind-induced currents for only a 6-week period
prior to formation of surface ice. Even lake trout eggs deposited at the
start of spawning, a month prior to the incubation study, would have
only been exposed to wind-induced currents for a period of 10 weeks.
Although we cannot discount the effect wind exposure may have on
development rate and hatch success, it is likely that wind exposure is
beneﬁcial in moving lake trout eggs into the interstices of spawning
substrate, thereby lessening their exposure to potential egg predators.
The unpredictable nature of wind and abundance of suitable habitat
may favour lake-wide spawning by lake trout as a bet-hedging strategy.
Fitzsimons and Marsden (2014) suggest that due to environmental
stochasticity, optimal conditions for embryonic survival may vary spa-
tially and temporallywithin a spawning shoal. Lake troutmay overcome
this using a bet-hedging strategy of broadcasting eggs over a gradient of
physical and chemical conditions on a spawning shoal to ensure repro-
ductive success (Fitzsimons and Marsden, 2014). Based on the ﬁndings
from this study, we believe that this ideamay be expandedmore broad-
ly to include a strategy whereby lake trout broadcast eggs among
multiple spawning shoals, either as individuals or as a population, to en-
sure reproductive success. We submit that diversifying the spatial,
physical, and chemical characteristics of spawning habitat, to increase
the overall portfolio performance of reproductive success (Moore
et al., 2010), may be a tactic used by lake trout to buffer the unpredict-
able nature of wind and weather conditions in northern regions. This
bet-hedging strategy would thereby increase the probability of yearly
recruitment to the population and challenges the conventional thought
that lake trout spawning site selection is driven by predominate wind.Acknowledgments
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